The 22q11.2 deletion syndrome (22q11.2DS) is one of the most frequent microdeletion syndromes and presents with a highly variable phenotype. In most affected individuals, specific but subtle facial features can be seen. In this observational study, we aim to investigate the craniofacial and dental features of 20 children with a confirmed diagnosis of 22q11.2DS by analyzing 3-dimensional (3D) facial surface scans, 2-dimensional (2D) clinical photographs, panoramic and cephalometric radiographs, and dental casts. The 3D facial scans were compared to scans of a healthy control group and analyzed using a spatially dense geometric morphometric approach. Cephalometric radiographs were digitally traced, and measurements were compared to existing standards. Occlusal and dental features were studied on dental casts and panoramic radiographs. Interestingly, a general trend of facial hypoplasia in the lower part of the face could be evidenced with the 3D facial analysis in children with 22q11.2DS compared to controls. Cephalometric analysis confirmed a dorsal position of the mandible to the maxilla in 2D and showed an enlarged cranial base angle. Measurements for occlusion did not differ significantly from standards. Despite individual variability, we observed a retruded lower part of the face as a common feature, and we also found a significantly higher prevalence of tooth agenesis in our cohort of 20 children with 22q11.2DS (20%). Furthermore, 3D facial surface scanning proved to be an important noninvasive, diagnostic tool to investigate external features and the underlying skeletal pattern.
Introduction
The 22q11.2 deletion syndrome (22q11.2DS; Online Mendelian Inheritance in Man [OMIM] 611867), also known as velocardiofacial syndrome (OMIM 192430) , DiGeorge syndrome (OMIM 188400), Shprintzen syndrome, or CATCH 22 , is one of the most frequent microdeletion syndromes with a prevalence similar to that of Trisomy 21 (up to 1:1,000). Although a prevalence of 1:4,000 is stated in older reports, recent literature indicates that postnatal diagnosis depending on clinical referrals may lead to an underestimation of the exact prevalence (Grati et al. 2015) .
The condition is caused by a microdeletion in the long arm of chromosome 22 at band q11.2 (Cancrini et al. 2014 ). This region harbors 4 low copy repeats, which are nearly identical to each other and therefore make the locus prone to nonallelic homologous recombination, thus causing this recurrent deletion (McDonald-McGinn et al. 2015) . The deletion spans 3 Mb of DNA in approximately 90% of the cases. A proximal nested deletion of 1.5 Mb occurs in around 7% of the cases, and a small percentage of the affected individuals has rare atypical deletions in the 22q11.2 region (Hacıhamdioğlu et al. 2015) . The syndrome can be autosomal-dominantly inherited, but in most cases, the deletion occurs de novo (Emanuel 2008) .
The clinical phenotype of 22q11.2DS is highly variable and not obviously linked to the size of the deleted region (Kobrynski and Sullivan 2007) . Over 180 clinical features have been described, but no single feature occurs in all cases. Furthermore, there is no reported case that has all or even most of the clinical findings (Shprintzen 2008) . The main symptoms are congenital heart defects, palatal abnormalities with velopharyngeal insufficiency, immune deficiencies due to thymus hypoplasia, hypoparathyroidism with hypocalcemia, renal and gastrointestinal problems, and brain involvement causing learning disabilities, intellectual disability, and behavioral problems, with a high prevalence of psychiatric manifestations at later age. A typical set of craniofacial features is a rather minor symptom associated with the syndrome but present in a majority of individuals with 22q11.2DS (McDonald-McGinn et al. 2015) .
Due to this extensive variability in phenotype, clinical diagnosis is not always straightforward. However, patients presenting with less severe findings can gain clinical attention when these are linked to certain craniofacial features. The facial characteristics as well as the underlying skeletal base and the accompanying dental manifestations of patients with 22q11.2DS have been described in the past by several authors (Klingberg et al. 2002; Butts 2009; Dalben et al. 2010) . From a diagnostic point of view, knowledge of the typical face-shape variation, occlusion, and dentition associated with this syndrome could help to raise clinical suspicion of it in mostly older, undiagnosed individuals. Moreover, it can lead to appropriate dental, orthodontic, or orthopedic care at the right age in those individuals already diagnosed. In this context, this article adds an in-depth and combined evaluation of dental, cephalometric, and 3-dimensional (3D) facial analyses.
The aim of this study was therefore to comprehensively describe the craniofacial and dental characteristics of children with 22q11.2DS. In addition, we investigated the association between surface and bony anatomy to elucidate the complementarity of different diagnostic instruments.
Subjects and Methods
From November 2014 to February 2016, we recruited all individuals of Western European descent and a genetically confirmed diagnosis of 22q11.2DS at the Multidisciplinary Cleft Clinic of the University Hospitals Leuven, Belgium, which led to a study group of 20 subjects. Patient demographic information and medical history were retrieved from the medical files. Data collection of the study group consisted of a clinical examination of craniofacial and dental features, intra-and extraoral photographs, a panoramic and cephalometric radiograph, dental casts, and a 3D facial surface image.
The dental development phase and the occlusion in the vertical, transversal, and sagittal plane were assessed using intraoral photographs, dental casts, and panoramic radiographs. Records were checked for dental abnormalities and congenital absence of teeth. A 95% confidence interval (CI) for the prevalence of agenesis was constructed, and an exact binominal test was used to evaluate whether the observed prevalence of agenesis differed from a reference value (Polder et al. 2004) . A P value lower than 0.05 was considered significant.
The skeletal aspects of the cranium were verified on the 2-dimensional (2D) lateral cephalograms, taken with the subject standing upright, teeth in maximal occlusion and relaxed lips. Afterward, they were calibrated and digitally traced using the Vistadent AT 3.1 software (GAC International) to determine the maxillomandibular and cranial base angles Figure 1 . Measurements were made twice by 1 observer at 1 mo apart to calculate intraobserver reliability and to reduce potential measurement error. A second observer repeated 25% of the cephalometric measurements to calculate interobserver reliability. Intraclass correlation (ICC) and standard error of measurement (SEM) were calculated for all cephalometric measurements.
The 95% CIs were created, and a 2-sided 1-sample t test was performed to check if the observed mean differed from existing standards (Steiner 1953; Axelsson et al. 2003) .
Evaluation of facial features by clinical examination and extraoral photographs included assessment of the facial profile (convex, straight, or concave), nasolabial angle, facial heights, and localized dysmorphology.
All collected measurements of the study group were compared to norm values from the literature.
As a complement to this clinical evaluation and to be able to study the facial soft tissues in a more detailed and objective way, we obtained 3D images using the 3dMD face system (3dMD) or the VECTRA H1 system (Canfield Scientific). These are commercially available systems with a previously reported precision to be submillimetric and a high repeatability (Aldridge et al. 2005; de Menezes et al. 2010; Lübbers et al. 2010 ). The 3D photographs were taken with the patient standing up straight and a neutral facial expression. To objectively describe facial morphology in subjects with 22q11.2DS, a control group with similar age, sex, and ethnicity as the study group was recruited in 2 primary schools in Belgium. The inclusion criteria for the control group were absence of any syndromic condition and no previous orthodontic treatment or maxillofacial surgery. Prior to 3D analysis, an anthropometric mask was nonrigidly mapped onto the images to standardize them (Claes et al. 2012) . This resulted in homologous spatially dense (~7,150) quasi-landmark configurations for all 3D images. After visually inspecting image quality, a generalized Procrustes superimposition was carried out to eliminate differences in location, scale, and rotation between them. Finally, facial shapes were symmetrized and a statistical analysis was performed on noise-filtered quasi-landmark configurations (Roosenboom et al. 2015) .
Partial least square regression (PLSR) was used as an underlying regression model to investigate effects on facial morphology (Shrimpton et al. 2014) . Since facial morphology can be influenced by sex and age, those possible confounding factors were both included in the PLSR model and associations of interest were tested using reduced models. In the analysis of facial morphology, group membership (22q11.2DS or control) was coded as a categorical variable in the regression model. The effect and significance of this variable on facial shape were tested following the permutation framework for partial regression coefficients (Anderson 2001) . Within this framework, effect size or R 2 was used as a test statistic, which is defined as the proportion of the total variance in facial shape that can be explained by group membership. Statistical significance was obtained using 10,000 permutations under the regression model. The localized effect, effect size, and significance in each quasi-landmark were visualized onto the shape of the overall average face using color-coded values. Moreover, morphs were constructed from the overall average face in opposite directions of the regression path, ±3 standard deviations from the mean, to create consensus faces at opposite sides (controls vs. patients with 22q11.2DS). In addition, the 3D normal displacement of each quasi-landmark from the first morph to the second was visualized using color-coded values. In this way, areas of the face lying relatively inward or outward were highlighted (Claes, Daniels, et al. 2013) .
The work in this study was conducted in accordance with the Declaration of Helsinki and approved by the Ethical Committee of the university hospitals Leuven and KU Leuven, Belgium (ML11130). Written informed consent was obtained from all patients and/or their parents. This study conformed with Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) guidelines for human observational studies.
Results

Demographic Data and Medical History
The study group consisted of 20 subjects with 22q11.2DS, 8 girls and 12 boys. Patient ages ranged from 5 to 14 y, with a mean (standard deviation [SD]) age of 9.75 (2.95) y. The control group for the 3D images consisted of 32 nonsyndromic subjects (16 girls, 16 boys), with a mean (SD) age of 8.4 (1.83) y.
The syndrome was diagnosed at birth in 12 patients due to a congenital heart defect or hypocalcemia. In the other patients, diagnosis took place at a later age due to speech and feeding difficulties, abnormal facial appearance, or delayed psychomotor development.
Four patients were born with a submucous cleft palate, and 12 showed a velopharyngeal insufficiency without cleft, all requiring corrective surgery. However, some malfunctioning of the velopharyngeal sphincter remained in all subjects, noticeable by a hypernasal speech. Other present medical issues were ocular problems (n = 9), hearing loss (n = 7), thyroid malfunction (n = 2), reflux esophagitis (n = 2), renal problems (n = 1), epilepsy (n = 1), and behavioral problems (autism and attention-deficit hyperactivity disorder [ADHD]) (n = 3). Learning difficulties appeared in all subjects.
Facial Characteristics
Clinical examination and evaluation of extraoral photographs revealed that the facial profile was convex in 12 patients and straight in 8 patients. The nasolabial angle was obtuse in 18 subjects. Thirteen patients had a habitual open mouth posture. The lower facial height appeared clearly enlarged in half of the subjects. Furthermore, the nose had a tubular aspect with a narrow alar base and a broad nasal bridge, while the mouth was small.
Spatially dense analysis of the 3D images showed a significant effect in both the lower and uppermost part of the face and the eye region (Fig. 2) . For visualization purposes, the morphs representing the exaggerated consensus faces of the 22q11.2DS subjects and controls are presented in Figure 3 . Inward/outward 3D displacements are shown in Figure 4 . The lower part of the face and the eye region were retruded in subjects with 22q11.2DS compared to control subjects while the uppermost part of the face had a more protruded position.
Skeletal Characteristics
The results of the cephalometric analysis are presented in the Table. Between both jaws, there was a mild distal relationship (mean ANB 4.86°), caused by a retrognathic posture of the mandible, indicated by a significantly smaller SNB angle. The growth pattern showed a large interindividual variability ranging from closed to clearly open (MPA 25.1° to 43.5°) with the mean value having a tendency toward an open growth pattern (35.14°). The cranial base angle had a mean value of 133.4°. For the intraobserver reliability, the ICC ranged from 0.90 to 0.98 and the SEM for SNA, SNB, ANB, BaSN, and SN-GoMe was 0.95°, 0.52°, 0.63°, 2°, and 1.32°, respectively. For the interobserver reliability, the ICC ranged from 0.83 to 0.98, and the SEM for SNA, SNB, ANB, BaSN, and SN-GoMe was 0.39°, 0.68°, 0.23°, 1.90°, and 1.36°, respectively.
Dental Characteristics
In this study group, 2 subjects were in the primary dentition, 16 had mixed dentition, and 2 had a complete permanent dentition. Congenital absence of permanent teeth was observed in 20% of the patients, which is significantly higher than in the general population, where agenesis occurs in 5.5% (95% CI, 5.73-43.66; P = 0.03) (Polder et al. 2004 ). The missing teeth were an upper canine, an upper lateral incisor, a lower lateral incisor, and a lower second premolar. Other individual tooth abnormalities in this group included impaction of upper canines (n = 3), hypoplasia of upper lateral incisors (n = 2), and supernumerary teeth (n = 1). One patient presented with a double tooth transposition (i.e., 2 neighboring teeth having switched positions at 2 different locations in the mouth). The occlusion showed good concordance with the skeletal relationship. In 12 individuals, a distal occlusion with an increased overjet (angle classification II,1) was present, while the others had a normal angle class I 
Discussion
The facial characteristics associated with 22q11.2DS are mild and not always easy to recognize clinically. The 3D facial surface imaging is a noninvasive method with a very short capture time, so no radiation and less cooperation of the patient are needed (Lübbers et al. 2010) . In contrast to facial shape description by measurements between manually indicated biological landmarks, the use of thousands of spatially dense quasi-landmarks provides a comprehensive coverage and therefore a more complete description of shapes. Consequently, also very subtle features and anatomical regions without obvious biological landmarks can be defined (Claes, Walters, et al. 2013) .
In this study, we investigated 3D facial images of patients with 22q11.2DS against controls. Patients showed a retrusive lower part and a prominent upper part of the face compared to controls. These findings match those of Prasad et al. (2015) . They investigated facial morphology of 21 patients with 22q11.2DS using 3D laser surface scanning. Their results included a prominent and slightly broad forehead, prominence of the midface, and retrognathia in patients with 22q11.2DS compared to their healthy siblings. Furthermore, the typical features of the nose and mouth seen clinically and on the 2D photographs were also found on the 3D images. The tubular aspect of the nose and the decreased size of the mouth are mentioned as consistent in 22q11.2DS in other studies as well (Swillen et al. 2000; Shprintzen 2005; Butts 2009; Cancrini et al. 2014; Hacıhamdioğlu et al. 2015) .
The results of our cephalometric analysis demonstrated an analogy with the 3D images. The retrusion of the lower part of the face was represented on the lateral cephalograms by a smaller SNA and SNB angle compared to Steiner's norm values (Steiner 1953) . To our knowledge, this is the only study in children with 22q11.2DS in whom both skeletal and soft tissue facial features were investigated and linked to each other. Furthermore, it emphasizes the potential strength of 3D imaging by facial surface scanning as a diagnostic tool not only in research but also in clinical practice. It could be beneficial for all clinicians interested in facial morphology to add a 3D facial surface scan to the routine diagnostic methods, and since it is a harmless procedure, additional scans could thereafter be taken to follow up on growth or treatment progression as well. Further research is needed to point out whether conventional cephalometric radiographs could even be replaced by 3D facial scans so radiation exposure could further be reduced.
Some authors analyzed the craniofacial morphology in individuals with 22q11.2DS on lateral radiographs only. Dalben et al. (2010) described a mild distal relationship between the upper and lower jaw but no bimaxillary retrognathia (mean SNA and SNB angle 85.96° and 81.50°, respectively). Although the mean cranial base angle was more obtuse in their study group compared to controls, no statistically significant difference was found (Dalben et al. 2010) . The results from the study conducted by Heliövaara and Hurmerinta (2006) showed a retrusion of both jaws and an enlarged cranial base angle, matching our results.
Interestingly, tooth agenesis was present in 20% of our study group. This prevalence is 4 times higher compared to the healthy population, where tooth agenesis occurs in around 5.5% (Polder et al. 2004 ). Heliövaara et al. (2011) found a prevalence of 17% of agenesis, and Klingberg et al. (2002) found 13.2% of their 22q11.2DS population affected with tooth agenesis, which is still 2.5-fold higher compared to healthy patients. TBX1 is considered the major candidate gene for 22q11.2DS, and it plays a central role in dental and craniofacial development. When the TBX1 dosage is changed in the dental epithelium of mice, tooth size and enamel production are affected, resulting in microdontia, agenesis, and enamel defects (Mitsiadis et al. 2008; Gao et al. 2015) . Klingberg et al. (2002) also found a class I, II, and III occlusion in 67%, 30%, and 3% of their study group, respectively. In our study, most children presented with a class II (60%) and the rest had a class I occlusion.
Velopharyngeal insufficiency (VPI) is a frequent orofunctional problem associated with 22q11.2DS (Persson et al. 2003; Ysunza et al. 2003) . Although in the present study, VPI was not measured objectively, all patients showed a certain degree of hypernasal speech. Although overt cleft palate is rare, submucous cleft palate has a relatively high prevalence in 22q11.2DS subjects (Hacıhamdioğlu et al. 2015) . In our study group, 20% of the patients showed submucous cleft palate, which was corrected for by palatal surgery.
In our opinion, the findings of the present study could be valuable to all clinicians providing care to syndromic patients, including dental practitioners. Although many patients are diagnosed at birth, due to the variable phenotype of 22q11.2DS, individuals without obvious clinical symptoms may be left undiagnosed until a later age. If particular facial or dental characteristics are noticed, eventually in combination with other minor features, these patients could be referred to a geneticist able to confirm the diagnosis. In addition, specialized software programs to recognize syndromes by the face of a subject are now commercially available. On the other hand, diagnosed patients often remain in close follow-up by several medical providers. If they are aware that also the dentition and intermaxillary relationship of their 22q11.2DS patients may be deviant, referral to the dentist or orthodontist may come in time for related care.
This study was marked by some limitations. First, we collected only 3D facial images of the control group, but data on their dental and skeletal features were unavailable. Therefore, the 3D facial surface scans of the study group were compared to the control group, and cephalometric measurements were compared to existing standards, which may introduce confounders. Second, due to the low prevalence of 22q11.2DS, the sample size of the study group is small. Moreover, only children of Western European descent were included, which makes it difficult to extrapolate the results to the whole population affected with this condition. Liu et al. (2014) reported differences in facial features between subjects of different ethnicities. For example, periorbital findings were noticed by geneticists in adult Chinese patients in 100% of the cases, while it was only reported in 40% of the cases in a study population of African Americans and in 84% of a Caucasian study group.
Despite these limitations, we were able to draw some interesting conclusions related to the use of 3D facial scan. In summary, Caucasian patients with 22q11.2DS show mild but typical facial, skeletal, and dental characteristics, including significant retrusion of the lower part of the face compared to control subjects and higher prevalence of tooth agenesis. The 3D facial surface scanning can be used as an important noninvasive, diagnostic tool to investigate external features as well as the underlying facial skeleton.
